In laser microstructuring there is a general conflict between precision and efficiency. Short pulsed micro-and nanosecond systems generally allow high ablation rates. Yet, thermal damage of the workpiece cannot be avoided completely. Ultrafast picoand femtosecond systems allow a higher precision, yet at lower ablation efficiency. This on the one hand can be attributed to the generally lower medium laser power of the ultrafast laser systems, on the other hand to the changed ablation mechanisms. In this contribution a comparative study of the ablation of metal with micro-, nano-, pico-and femtosecond laser pulses shall be presented.
Pulsed Laser Ablation
Generally, in pulsed laser ablation the quality of the processing result is reduced by melt accretions and thermal damage of the workpiece and therefore increases with shorter pulse duration. However, ablation efficiency decreases as well. Single pulse drilling using milli-and microsecond pulses allows the production of many holes within a short time. As there is quite a big amount of melt involved in the process, the quality and reproducibility of the holes is rather low. If higher precision is needed, short and ultrashort pulses in combination with adequate drilling strategies are applied. During short pulse laser ablation only a small amount of melt occurs leading to higher accuracy. Ultrashort laser pulses even allow less thermal damage and a nearly melt free ablation, if it is worked close to ablation threshold. However, in the past the medium laser powers of ultrashort pulsed systems were not sufficient to fulfill industrial efficiency requirements [1, 2] . Only recently first attempts for the application of ultrashort laser pulses in industrial production have been reported [3, 4] . In the following a study of ablation efficiency of short and ultrashort laser pulses shall be presented. For this purpose different pulsed laser systems were applied reflecting the state of the art of available short and ultrashort pulsed beam sources.
Ablation Models
In ablation with pulsed laser radiation, depending on the respective pulse length range, different beam-matter interaction mechanisms become dominant. For short laser pulses in the micro-and nanosecond range the ablation process is dominated by heat conduction, melting, evaporation and plasma formation (compare Figure 1 a) . The energy of the laser pulse is absorbed on the surface of the workpiece and heat conduction leads to the formation of a temperature field. Depending on the achieved temperature the material is molten up, evaporates or is transferred to a plasma state. Ablation is determined by both evaporation and melt expulsion. It depends on pulse duration and pulse energy which ablation mechanism is dominant.
For ultrashort pico-and femtosecond laser pulses and the thereby related short timescales these classical descriptions of beam-matter interaction loose their validity. Due to the extreme intensities of ultrashort laser pulses, absorption is increased by nonlinear multi-photon absorption processes. Furthermore, within pico-and femtosecond timescales the energy cannot be transferred from the electron gas to the ion grid instantly. Here new thermal descriptions distinguishing between electron and grid temperature, the so called two-temperature model (compare Figure 2 b ) become necessary in order to describe thermal phenomena [5, 6] . In ultrashort pulse laser ablation extreme pressures, densities and temperatures build up and accelerate the ionized material to enormous velocities. Due to the short interaction time the material cannot evaporate continuously but is transferred into a state of overheated liquid. This merges into a high pressure mixture of liquid droplets and vapor expanding rapidly (compare Figure 1 b ). This mechanism is widely known as phase explosion [4, [7] [8] [9] . For the following study two ablation models were applied in order to describe the different ablation processes occurring for short and ultrashort laser pulses. The first model is based on classical beam-matter interaction. Ablation rate is estimated from energy conservation by the assumption that all the energy of the laser pulse leads to the evaporation of material. In Figure 2 a the model for classical ablation is visualized in the temperature enthalpy diagram. The energy of the laser pulse is applied in order to heat up the material to evaporation temperature and to overcome the latent heats of melting and evaporation. Material in a vapor state is ablated. The model assumes 100% energy absorption and neglects heat conduction effects as well as overheating of metal vapor:
Hereby m is the ablated mass, N the number of laser pulses, E pulse the pulse energy, c p the heat capacity, T V evaporation temperature, T 0 ambient temperature, H m melting enthalpy and H v evaporation enthalpy. [5] . Based on this work ablated mass can be calculated:
Hereby N is the number of laser pulses, is the density, A the focal spot area, the optical penetration depth, F a the laser fluence and F th threshold fluence for ablation.
Experimental Procedure
In order to study laser ablation of metal with short and ultrashort laser pulses stainless steel samples were irradiated with different numbers of mico-, nano-, pico-and femtosecond laser pulses. For this purpose different flash lamp pumped, Q-switched and mode-coupled laser systems were applied in order to reflect the bandwidth of available pulsed beam sources. The used laser systems and the respective processing parameters are listed in Table  1 . The processing parameters were chosen in order to obtain maximum pulse energy and therefore ablation per pulse. They were not optimized with respect to ablation quality. The variation in peak fluence has its origin in the different processing optics of the applied systems. All the experiments were performed in air without additional process gas. The influence of process gas is investigated in [10] . The produced drillings were analyzed both qualitatively and quantitatively with scanning electron microscope and metallurgical grinding analysis with respect to traces of beam-matter interaction and ablation efficiency (ablated mass per energy). 
Results and Discussion
Figure 3 to Figure 6 show drill holes produced with mico-, nano-, pico-and femtosecond laser pulses in different ablation stages. From the scanning electron microscope images a qualitative analysis of the ablation and beammatter interaction process is performed. Whereas for short micro-and nanosecond pulses the ablation process is clearly thermal and dominated by classical beam-matter interaction, for ultrashort pico-and femtosecond pulses non-thermal ultrafast processes become dominant. In the first phase the microsecond drilling process (compare Figure 3) is mainly thermal and dominated by local melting and heat conduction into the substrate. Ablation by evaporation plays a minor role. The diameter of the ablation zone steadily increases up to N=100 pulses when due to incubation effects significant ablation due to evaporation can be observed. With increasing pulse number the ablation process is more and more dominated by melt expulsion due to evaporating material manifesting itself in a pronounced burr. The nanosecond ablation process (compare Figure 4) is still dominated by classical beam-matter interaction based on melting, evaporation and plasma formation. Yet, from the beginning evaporation and melt expulsion occur leading to a significant material removal. With increasing pulse number the diameter of the ablation zone increases. With increasing depth of the drill hole the expulsion of melt becomes less efficient leading to partly reclosure of the hole and a pronounced molten burr. Due to the lower peak fluence ablation per pulse is significantly lower for the picosecond laser system (compare Figure 5) . Only a small increase in hole diameter can be observed with increasing pulse number. The cleft structure in the center of the ablation spot with N=500 pulses with deposited droplets and particles is an indicator for the occurrence of a phase explosion. In the drill holes with higher pulse numbers a soft burr of obviously molten material and ripple like structures in the deeper center of the ablation hole can be observed. The results show that for picosecond laser pulses ablation process is dominated by phase explosion. Yet, due to accumulation effects and a laser fluence far beyond ablation threshold still some thermal effects occur. For femtosecond pulses in the first phase of the ablation process ripple structures on the border of the ablation zone can be observed. The fine melt sputters show the occurrence of a phase explosion. The fact that the burr increasingly growth in height, but only slightly in width indicates that it is formed by recondensating material. With increasing pulse number burr height decreases again. Similar observations were made by Hügel et al. [11] . It can be assumed that incubation effects in combination with increased absorption at the rough surface lead to an ablation of the burr at fluences actually below ablation threshold.
For a more detailed analysis of the produced drill holes metallurgical grindings were produced. These allow both a qualitative analysis of drill hole shape and thermal influence as well as a quantitative analysis of ablation rates. In the first phase of the microsecond pulse drilling process (compare Figure 7) nearly no ablation occurs. Instead a clear zone of local melting can be observed. Only in a later stage of the process incubation effects lead to evaporation and an ablation of material. Melt expulsion plays a minor role in the first stage of the drilling process. Furthermore, a pronounced molten zone can be observed. Only in a later stage of the drilling process, when the sheet is fully penetrated melt expulsion seems to become significant and manifests itself in a conical shape of the drill hole entrance and exit. Figure 8 shows the evolution of the drill hole for nanosecond pulses. In the first phase of the ablation process only a small burr and molten zone can be observed. The drill hole is relatively wide and shows a round shape. For N=100 and N=150 laser pulses a tapering of the drill hole can be observed. In this stage the melt expulsion efficiency decreases and a significant amount of melt remains in the drill hole. Finally this leads to a significant decrease of drill hole diameter over the hole and the drill hole becomes increasingly pointed. For picosecond pulses (compare Figure 9 ) the drill hole in the first phase is strongly cleft with several drill tips. These can be explained by scattering of the laser pulses in the ablation products of the respective previous one due to the high repetition frequency of 50 kHz. This thesis is supported by observations of König et al who observed particles above the drill hole several microseconds after the impact of a ultrashort laser pulse, making an interaction between subsequent pulses highly probable for high repetition rates [4, 12] . For higher numbers of laser pulses the drill hole becomes increasingly pointed. At N=10000 laser pulses a sickle shaped drill hole can be observed. Similar observations were made by Döring et al. during picosecond pulse drilling of silicon. He explained this effect by multiple internal reflections of the beam in the drill hole as well as interaction with particles and plasma, allowing the laser radiation to achieve shadowed areas [13, 14] . Furthermore, for N=10000 pulses melt disposals in the drill hole can be observed showing that for fluences far above ablation threshold picosecond ablation is still a partly thermal process. After full penetration a widening of the drill hole can be observed. This can be deduced to accumulation effects in combination with multiple reflections and scattering as well as by an erosive effect of the generated plasma. In the first phase of the femtosecond drilling process (compare Figure 10) , up to N=500 laser pulses, the drill hole has rather steep edges and the bottom shows a hemispherical shape. This can be explained by the Gaussian beam profile of the laser. Furthermore, a very steep and thin burr can be observed that can only be formed by recondensating material. In a later phase of the drilling process this burr vanishes again. Similar observations were made by Michalowski et al. who explained the vanishing of the burr by shock waves due to plasma expansion [15] . Besides in this later drilling stage the drill hole becomes increasingly pointed and shows wavy walls. The pointed shape can be deduced to multiple reflections and interference effects whereas the bulges at the walls are probably caused by the erosive effect of the generated plasma.
Besides the so far presented qualitative analysis of the ablation process and drill hole evolution the metallurgical grindings were analyzed quantitatively with respect to ablated mass. For this purpose it was assumed that the grinding shows the middle of the drill hole and that each cross section of the drill hole is perfectly circular. The obtained ablated masses are plotted in Figure 11 . In order to show and compare all the experimental data in one diagram, a double logarithmic scale was chosen. Besides the experimental data theoretical curves based on the analytical models described in section 2. are plotted in Figure 11 . For the calculation the parameters listed in Table 1 were used. Figure 11 . Ablation vs. energy for micro-, nano-, pico-and femtosecond laser pulses.
The graphs clearly show that of the investigated laser systems, the nanosecond one delivers highest ablation efficiency per applied energy. The experimental data fits quite well the theoretical curve obtained from the energy model based on equation (1) . The fact that the experimental data is slightly below the theoretical curve might have its reason in the fact that absorption is below 100 % and that material is heated above evaporation temperature. Obviously the nanosecond ablation process can be described quite well by the assumption that all the energy goes into the evaporation of the material. The effects of overheating of the vapor and the expulsion of molten material that are not considered in the described strongly simplified model based on energy conservation seem to balance one another.
The ablation rate of the microsecond pulses is far below theoretical expectations from the energy model. This shows that for microsecond pulses heat conduction losses play a significant role. This effect is significantly enhanced by the low repetition rate of the microsecond pulsed system applied in the experimental study.
For femtosecond pulses the experimental data nearly perfectly fits the theoretical curve obtained from the twotemperature model based on equation (2) . Corrections of optical penetration depth used by other authors for high laser fluences were not considered in the theoretical curve [9, 17] . They would lead to a slight shift of the curve in positive y-direction.
The picosecond data however shows a significantly reduced slope compared to the other curves. This cannot solely be explained by a dependency of penetration depth and threshold fluence on the respective processing parameters described by Schmid et al. in [16] . Therefore, we assume that the significantly reduced ablation efficiency of the picosecond system has its origin in particle shielding effects due to the relatively high repetition rate of 50 kHz. A comparision with the data obtained for nanosecond pulse ablation at a pulse repetition rate of 120 kHz indicates that particle shielding effects are more dominant for pico-than for nanosecond pulses. Yet, due to the difference in both fluence and optical wavelength no clear statement can be made. Here further investigations are required.
Conclusions
The presented results show that the ablation process of metals is significantly influenced by the pulse duration of the applied laser source and the respective processing parameters. Among the investigated laser systems the nanosecond one allows highest ablation efficiency per energy as the material is barely overheated. The nanosecond ablation process can be accurately described by a model based on the assumption that the laser energy is used for evaporation of the ablated material. The ablation rate of the pico-and femtosecond system are significantly lower. The ablation behavior of femtosecond pulses can be described based on the two-temperature model. Due to the high repetition rate of the picosecond system particle shielding effects seem to play a significant role. Due to the high medium power of the microsecond system it delivered highest ablated volumes. Yet, due to the low pulse repetition rates of the applied system heat conduction losses became dominant leading to ablation rates not higher than for the ultrafast systems.
